It is well understood how mobile introns home to allelic sites, but how they are stimulated to transpose to ectopic locations on an evolutionary timescale is unclear [1] . Here we show that a group I intron can move to degenerate sites under oxidizing conditions. The phage T4 td intron endonuclease, I-TevI, is responsible for this infidelity. We demonstrate that I-TevI, which promotes mobility and is subject to autorepression [2] and translational control [3] , is also regulated posttranslationally by a redox mechanism. Redox regulation is exercised by a zinc finger (ZF) in a linker that connects the catalytic domain of I-TevI to the DNA binding domain. Four cysteines coordinate Zn 2+ in the ZF, which ensures that I-TevI cleaves its DNA substrate at a fixed distance, 23-25 nucleotides upstream of the intron insertion site [4] . We show that the fidelity of I-TevI cleavage is controlled by redox-responsive Zn 2+ cycling. When the ZF is mutated, or after exposure of the wild-type I-TevI to H 2 O 2 , intron homing to degenerate sites is increased, likely because of indiscriminate DNA cleavage. These results suggest a mechanism for rapid intron dispersal, joining recent descriptions of the activation of biomolecular processes by oxidative stress through cysteine chemistry [5, 6] .
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Results

Redox-Dependent Switch in Activity of I-TevI
We first investigated the role of the zinc finger (ZF) of I-TevI (Figures 1A and 1B) after in vitro treatment with H 2 O 2 . H 2 O 2 , a natural by-product of oxidative metabolism, inhibited I-TevI, presumably by oxidation of cysteins, including those in the ZF ( Figure 1C, lanes 1-3) . To test the reversibility of the response, we treated I-TevI with diamide, an oxidizer that allows cycling, and then dithiothreitol (DTT), to reduce the ZF ( Figure 1C , lanes [4] [5] [6] [7] [8] [9] [10] . Incubation of I-TevI with diamide again prevented cleavage ( Figure 1C , lanes 7 and 8), whereas DTT restored activity ( Figure 1C , lanes 9 and 10).
Two biologically relevant molecules, phage T4 thioredoxins Grx-1 and Grx-2, might provide the reducing equivalents. Grx-1 alone could not restore the cleavage activity to diamide-treated I-TevI (see Figure S1 , lane 5 available online), but in the presence of glutathione, Grx-1 was able to function in a similar manner to DTT ( Figure S1 , lane 8). However, I-TevI was not a substrate for Grx-2 (data not shown), suggesting that there may be glutaredoxin specialization. Figure 1D , columns 1 and 2). Likewise, the reversible oxidant, diamide, led to Zn 2+ release at a molar excess of 4:1 over I-TevI ( Figure 1D , columns 3 and 4). When DTT was added at an 8:1 molar excess to counteract the diamide and re-reduce I-TevI, free Zn 2+ dropped >3-fold, indicating that I-TevI resequestered the Zn 2+ ( Figure 1D , column 5) and that there was Zn 2+ cycling. Up to 1 mole Zn 2+ was released per mole I-TevI, suggesting that almost all of the ZF pockets were occupied with Zn 2+ . To demonstrate that the source of the Zn 2+ is from the segment of I-TevI that contains the ZF and that it is unrelated to the I-TevI catalytic domain, we carried out parallel experiments with deletion derivative I-TevI-130C [7] , which lacks the catalytic domain. The data indicate similar Zn 2+ cycling ( Figure 1D , columns 6-8). Furthermore, cysteine-to-histidine mutants of the ZF (C153H, C167H, and C153H/C167H) could not coordinate Zn 2+ , as shown with the sulfhydryl-reactive reagent methyl methanethiosulfate ( Figure 1D , columns 9-12) or heat ( Figure 1D , columns [13] [14] [15] [16] . Collectively, these results indicate that the metal ion is reversibly coordinated by the ZF.
Zn
ZF Mutants Have Altered Cleavage Activity on Degenerate Homing Sites
We had shown that mutants from which the ZF was deleted (DZn) or that contained four Cys-to-Ala mutations (CZnA) cleaved the operator site, which lacks the preferred cleavage sequence, more efficiently than did the wild-type enzyme [4, 8] . To test the effect of Zn 2+ depletion on enzyme fidelity, we used those mutants, because H 2 O 2 and diamide decrease cleavage to a point that defies measurement of cleavage accuracy. We thus measured cleavage of the wild-type homing site and two nonnative sites that lack the natural cleavage sequence. These are the HS31+ and HS312 homing sites, with a synthetic duplex spanning the intron insertion site (15 bp upstream and 16 bp downstream) but lacking the cleavage site, cloned bidirectionally into pBSM13 2 ( Figure 2A ). I-TevI binds the synthetic duplex and cleaves plasmid sequences at a distance of 223/225 for HS31+, as for the wild-type, and at a distance of 222/224 for HS312 (Figure 2A ; Figure S2A ) [9] .
I-TevI and I-TevI-DZn cleavage rates on the different substrates were quantitated, and the data were fit to a firstorder decay ( Figure 2B ). Rate constants indicated that wildtype I-TevI cleaves the wild-type substrate w100-fold more rapidly than does I-TevI-DZn. In contrast, on the HS31+ and HS312 substrates, I-TevI is only 7-fold and 1.5-fold faster, respectively, than I-TevI-DZn. These results indicate a relatively higher level of cleavage by enzymes with mutated ZFs on the artificial substrates (with nonnative cleavage sites) by *Correspondence: belfort@wadsworth.orgfactors of 14-fold to 65-fold, suggesting that the mutant enzyme cleaves less specifically than the wild-type I-TevI.
ZF Mutants Are Less Discriminate Than Wild-Type I-TevI
To test the fidelity of I-TevI ZF mutants, we mapped the cleavages of wild-type I-TevI, I-TevI-DZn, and I-TevI-CZnA on the HS31+ and HS312 substrates. Interestingly, multiple cleavages were apparent with the mutant proteins (Figure 2A) . The I-TevI ZF constrains the catalytic domain, and mutating the ZF allows the enzyme to stretch for the preferred cleavage site [4, 10] , the sequence 5
. This sequence occurs twice in each artificial homing substrate (Figure 2A) . Accordingly, whereas the wild-type enzyme cut the wild-type substrate at the normal sites, 23 and 25 bp from the intron insertion site (IS), the ZF mutants cleaved both at this native site and at a CXXXG sequence 18 and 20 bp from the IS (Figure 2A ; Figure S2A ). Moreover, the wild-type enzyme cleaved predominantly at 23 and 25 bp on HS31+ and at 22 and 24 bp on HS312 ( Figure 2A ). In both cases, cleavage was after a G on the top strand, shortening the customary cleavage distance on the HS312 site by 1 bp. In contrast, the ZF mutants barely cleaved at the customary distance, but rather cleaved at CXXXG sequences 12 and 14 bp and 15 and 17 bp from the IS on both HS31+ and HS312 ( Figure 2A) . Apparently, the absence of a ZF relaxes the distance constraint of I-TevI and enables the enzyme to perform promiscuous cleavage.
To test other examples of degenerate homing sites with mutants lacking the ZF, we selected a G-23T mutant of the CXXXG sequence [10] and a ten-nucleotide insertion within the homing site [4] . Again, cleavage by the wild-type enzyme was at 223 and 225 from the insertion site, whereas I-TevIDZn yielded multiple cleavages at CXXXG sequences at different distances from IS ( Figure 2C ; Figure S2B ), indicating increased infidelity of ZF mutants on degenerate substrates.
Relaxed Cleavage by I-TevI-DZn Elevates In Vivo Homing on Mutant Homing Sites
To determine whether promiscuous cleavage by I-TevI ZF variants would provide double-strand breaks (DSBs) for intron homing, we used a phage-to-plasmid transduction assay [12, 13] ( Figure 3A ). The kan r -marked donor intron was delivered by T4K10 phage carrying the wild-type intron, or T4K10-DZn, with an I-TevI ZF deletion, to cells containing a homing-site plasmid. The intron mobility frequency into the (C) Cleavage assays under different redox conditions. Cleavage of pBStdDIn substrate (250 ng) is shown at 37 C with wild-type I-TevI (25 ng) after treatment with 1 mM H 2 O 2 for 5 min (lanes 1-3) or with I-TevI-H40Y (1.25 mg or 2.5 mg for each condition tested; I-TevI:DNA molar ratio 6:1 and 3:1, respectively) after treatment with 2.5 mM diamide in the absence and presence of 10 mM DTT for 15 min (lanes 4-10). The following abbreviations are used: S, substrate; P, cleavage products; M, size markers. The ability of T4 thioredoxin, Grx1, plus glutathione to provide reducing equivalents is shown in Figure S1 . Figure 3B, left) . In contrast, when the homing site was mutated at G-23, a key residue for cleavage by wild-type I-TevI and not by the DZn mutant ( Figure 2C) , there was only a 2-fold depression of homing with the DZn mutant relative to the wild-type phage ( Figures 3B and 3C ). Moreover, when the homing site contains a 10 bp insertion, which places the cleavage site 10 bp further upstream, homing by the DZn donor is elevated >2-fold relative to the wild-type intron donor (Figures 3B and 3C) . Homing events were accurate for each of the six crosses (data not shown). These results suggest that the cleavages introduced by the DZn mutant are substrates for intron homing and that a DZn mutant donor intron can mobilize relatively more efficiently than the wild-type donor into degenerate sites to generate bona fide homing products. These results are assay independent, with similar frequencies for intron movement from a wild-type or DZn intron donor plasmid to variant homing sites in the phage [14] (data not shown).
Oxidative Stress as a Stimulus to Intron Promiscuity
Given the redox responsiveness of the ZF in vitro ( Figures 1C  and 1D ), the cleavage infidelity of I-TevI-DZn mutants in vitro, and the relatively enhanced homing of the DZn intron into variant homing sites in vivo, we wished to test whether oxidative stress might enhance mobility to variant homing sites. We therefore measured in vivo homing in the presence of the natural oxidizing agent H 2 O 2 , which we showed previously results in Zn 2+ release and reduces cleavage efficiency on wild-type substrate ( Figures 1C and 1D) . We used the wildtype T4K10 intron donor phage on wild-type and mutant homing sites, as before, but with cells either treated with H 2 O 2 or left untreated. Whereas homing was reduced w4-fold in the presence of 0.3 mM H 2 O 2 with the wild-type recipient, the levels were similar in the presence of the oxidizing agent, with both the G-23T and +10 homing sites ( Figure 3D (Figure S2B) .
mediating the H 2 O 2 effect. These results suggest that H 2 O 2 decreases the enzyme specificity by disassembling the ZF ( Figure 1D ), leading to the relative stimulation of mobility on degenerate substrates.
Discussion
Here we showed how a modular intron endonuclease, I-TevI, has relaxed cleavage fidelity with ablation of its ZF. H 2 O 2 , which leads to life-threatening oxidative stress, results in the potentially adaptive release of the metal ion from the ZF. We propose that oxidation of the ZF in turn leads to spurious DNA cleavage, thereby creating the potential for the observed intron movement to degenerate sites. On an evolutionary timescale, such stress likely contributes to intron mobility to ectopic sites.
Posttranslational Control as a Third Level of Regulation of I-TevI
Expression of I-TevI is a tightly regulated process, occurring at both the transcriptional and translational levels. Transcription is temporally controlled by middle and late promoters [3] and is negatively regulated by the autorepression activity of I-TevI [2] ( Figure 4) . Additionally, expression of I-TevI from the precursor RNA is repressed by sequestration of the translational start site [3, 15] . In this study, we expand this complex regulatory scheme to include posttranslational control. We propose a redox-dependent mechanism that promotes I-TevI infidelity, increasing the sampling of variant homing sites ( Figure 3C ; Figure 4 ). We postulate that this posttranslational control of I-TevI in response to oxidative stress is an immediate regulator of protein function that requires no feedback loops such as those involved in transcription and translation. Thus, tight negative regulation over I-TevI expression is programmed into the phage developmental cycle, in contrast to instantaneous responsiveness of I-TevI fidelity and intron dissemination to cellular stress.
I-TevI Is Subject to a Redox Fidelity Switch via Its ZF
One of the principal control mechanisms within redox biology is the Zn 2+ switch, where thiol coordination of the zinc ion is reversible and dependent upon the redox status of the cell, thereby regulating protein function [16] . Here we demonstrated that the four cysteines in the ZF in I-TevI [17] can cycle Zn 2+ in a redox-dependent manner to impact I-TevI cleavage activity ( Figures 1B-1D) . Furthermore, reduction of the I-TevI ZF could be accomplished with T4 phage Grx-1 and , with error bars representing standard deviation from at least four independent experiments. HS denotes homing site. The difference in homing frequencies between WT and DZn donors was significantly greater, by a two-tailed paired t test, on the wild-type substrate (w11-fold; p < 0.05) than on the G-23T (w2-fold decrease; p < 0.05) or +10 (no decrease) substrates, indicating an enhanced ability of DZn over wild-type donors to mobilize to variant substrates. (C) Interpretive diagrams of I-TevI on mutant homing sites. Wild-type I-TevI containing the ZF (ZF) is shown in solid cartoon, whereas DZF mutant is represented in outline, with a red triangle in place of the ZF. The preferred G residue preceding the top-strand cleavage is indicated. (D) Homing frequencies in the presence and absence of hydrogen peroxide. Results are represented as in (B), with error bars representing standard deviation from at least six independent experiments. With the wild-type substrate, homing frequency significantly decreased upon treatment with H 2 O 2 (w4-fold; p < 0.05), whereas with the mutant substrates, H 2 O 2 had no significant effect on homing frequencies (p > 0.05), again suggesting increased mobility upon ablation of the zinc finger on mutant substrates.
glutathione, but not with the T4 Grx-2 ( Figure S1 ). Multiple glutaredoxins have been observed in other viral systems [18] , suggesting that specialization could be occurring within these proteins to maximize viral proliferation. It is possible that I-TevI is utilizing Grx-1's reducing potential to maintain the ZF for faithful DNA cleavage and intron homing.
Artificial control over a homing endonuclease utilizing an engineered ZF has been demonstrated for PI-SceI. The inserted cysteines allowed for redox-dependent, reversible cleavage by the nuclease [19] . Here we report that a natural redox switch controls the function of a ZF, whose thiol coordinating residues in I-TevI are positioned to provide a distance sensor for accurate homing-site cleavage [4] . Oxidation switches off the distance determinant and enhances the enzyme's ability to explore sequence for ectopic cleavage sites ( Figure 3C; Figure 4) . I-TevI is more active in promoting homing into a mutant site when its ZF is destroyed by mutation or oxidation (H 2 O 2 ). This infidelity may provide I-TevI with the chance to sample altered substrates in phage or host genes and may provide a mechanism for ectopic homing [20, 21] . On an evolutionary timescale, the naturally relaxed binding specificity of I-TevI [22] might combine with stress-induced cleavage infidelity to allow for repair with limited exon homology. We have previously demonstrated that DSB repair can occur with regions of microhomology [23] . Such an illegitimate repair mechanism might be a way for the intron to move to nonnative substrates.
Homing endonucleases must balance two seemingly opposite requirements to persist within a population. They need to be highly sequence specific to invade a particular site, whereas they must be promiscuous to permit ectopic movement to new sequence space [24] . Control of cleavage specificity in the modular I-TevI allows exactly such dichotomy of function: site-specific cleavage when the enzyme is structurally intact under the normal reducing environment of a cell and alternative cleavage in response to oxidative stress when the ZF ceases to function as a distance determinant.
Mobile genetic elements are stimulated to move when the host is exposed to stressors such as DNA damage, starvation, and osmotic shock [25] . This dynamic not only ensures their propagation when the host is threatened, but it can also generate genetic diversity by ectopic movement that may be advantageous to the host. It is therefore not entirely surprising that transposases, of which intron endonucleases can be considered a functional equivalent, are the most abundant and ubiquitous genes in nature [26] ; not only do they promote movement, but they also do so to the potential selective advantage of the host, particularly in response to metabolic or environmental stressors. In this context, it is noteworthy that group II introns were recently shown to be stimulated to retrotranspose in reaction to nutrient depletion [27] . Now it appears that group I introns, which splice and mobilize by different pathways, are impacted by oxidative stress to increase their promiscuity.
Experimental Procedures
Plasmids and Phages Strains, plasmids, and phage are listed and described in Table S1 . Oligonucleotides are listed in Table S2 . Description of the construction of T4K10td-Kan and T4K10tdDZn-Kan phage is in the Supplemental Experimental Procedures. Homing-site mutants for homing assays were constructed by transferring the tdDIn EcoRI fragment containing the mutations into the desired plasmid vector.
Expression and Purification of Proteins
Three different enzyme preparations were used as indicated in the figure legends. First, the low-activity but faithful I-TevI-H40Y mutant of I-TevI allows for overexpression and purification of this otherwise-toxic protein in vivo [7] , as described in the Supplemental Experimental Procedures. Second, wild-type high-activity I-TevI was prepared by intein-mediated purification to minimize toxicity [28] . Third, given this toxicity of I-TevI and ZF mutant derivatives, these proteins were also synthesized in catalytically active form in vitro using wheat-germ extracts with mRNA synthesized from the SP6 promoter of an I-TevI clone, as described previously [4, 7] . Plasmids used for in vitro-synthesized I-TevI are listed in Table S1 .
Determination of Protein-Bound Zn 2+
A spectroscopic technique, based on PAR, was utilized to determine Zn 2+ content of I-TevI derivatives [29, 30] , as described in the Supplemental Experimental Procedures.
Cleavage Assays and Mapping I-TevI was incubated with 250 ng of DNA substrate (tdDIn), as described in the Supplemental Experimental Procedures. Cleavage was quantitated with an Alpha Innotech FluoroChem 8900 imager. To determine whether redox conditions influence cleavage activity, we added H 2 O 2 , diamide, or DTT to a final concentration of 1 mM, 2.5 mM, or 10 mM, respectively. Cleavage assays were performed as described [31] . Cleavage-site mapping was carried out with I-TevI synthesized in vitro using a Thermosequenase Cycling-Sequencing 2.0 kit (USB) as described [11] . Sequence ladders of the homing site were generated as described in the Supplemental Experimental Procedures. Substrates for cleavage and cleavage-site mapping experiments are listed in Table S1 .
Phage-to-Plasmid Homing Assay
We used phage-to-plasmid T4-mediated transduction [13] to test mobility of wild-type I-TevI and DZn mutants of T4K10 on wild-type and variant substrates, as described in the Supplemental Experimental Procedures. I-TevI is regulated at three levels: transcription, translation, and posttranslation. The primary transcript from P E is translationally silenced, whereas the late transcript from P L is translated [3] . I-TevI can then act as an autorepressor at P L or as an endonuclease at the homing site [2] . We propose that posttranslationally, I-TevI is regulated by oxidative stress, which abstracts Zn 2+ (blue dot) from the ZF, resulting in promiscuous cleavage and homing.
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